Abstract The tokamak plasma flows induced by the local radio frequency (RF) forces in the core region are analyzed. The effective components of local RF forces are composed of the momentum absorption term and the resonant parallel momentum transport term (i.e. the parallel component of the resonant ponderomotive forces). Different momentum balance relations are employed to calculate the plasma flows depending on different assumptions of momentum transport. With the RF fields solved from RF simulation codes, the toroidal and poloidal flows by these forces under the lower hybrid current drive and the mode conversion ion cyclotron resonance heating on EAST-like plasmas are evaluated.
Introduction
Plasma rotations have benefits on tokamak plasma confinement and stability [1] . Using radio frequency (RF) waves to control the rotation may play an important role in achieving high-performance steady state plasma [2] . Experimental evidences are growing on both the poloidal and toroidal rotations induced by RF heating and current drive [3−10] . There are two types of rotation in principle: intrinsic and externally driven [4] . The intrinsic one was believed to be independent of the external heating/driving method [8] . However, it is very hard to distinguish the contribution of these two types in experiments. For example, with the injection of RF waves, the inhomogeneous wave-particle interaction could induce non-ignorable torques or forces on the plasma even when the wave-number spectrum is symmetric [11−13] . Thus the calculation of the rotations directly driven by RF waves is of great importance not only for predicting the direct drive effect of RF waves on rotations for future experiments but also for estimating the intrinsic torque from the present experimental data precisely.
In pioneering theoretical work [14] the perpendicular component of tangential RF forces was approximated as the poloidal force and balanced with the neoclassical parallel viscosity (NPV) term B · ∇ · Π neo to yield the RF driven poloidal flow in the steady state. In the following decade more complete RF-induced forces were pursued to do the similar calculation (see Ref. [15] and the references in). The method using the balance between the perpendicular-force and the parallel-viscosity (denoted as Perp-Para) is irrelevant to the heating/driving method. In contrast, the poloidal flow by NBI was calculated from the balance between the parallel-force and the parallel-viscosity (denoted as Para-Para) [16, 17] . The Perp-Para method could be justified by introducing a phenomenological diffusion of parallel momentum with the same diffusion coefficient as that for the diffusion of toroidal momentum [18] . To some extent this argument is doubtable. The asymmetry of transport from the low field side to the high field side may make the contributions of momentum diffusion to the parallel momentum transport and to the toroidal momentum transport very different. For example in the neoclassical transport theory the parallel component of the gradient of the neoclassical viscosity dominates the parallel momentum balance equation while the toroidal component is negligible in the toroidal momentum balance equation. [19] . More research on turbulent momentum transport is required to give a wellfounded conclusion, which is beyond the scope of this paper. Nevertheless, we consider both the PerpPara and Para-Para methods in the evaluation for the poloidal flow in this work.
The evaluation of the toroidal flow is unavoidable to include an anomalous viscosity. The toroidal momentum balance between this viscosity and the toroidal component of RF forces determines the toroidal rotation [18, 20] . Recently the toroidal flow during the lower hybrid current drive (LHCD) on the Alcator C-Mod was estimated by several authors [20−22] . It was found that the toroidal flow velocity directly driven by the local RF forces can be up to 30 km per MW power deposition in the wave injection direction. The toroidal flow driven by mode conversion ion cyclotron resonance heating (MC ICRH) on the Alcator C-Mod was roughly estimated [11] , which implied that the resonant ponderomotive force was possibly responsible for the significant toroidal flow.
In spite of the ongoing experimental research on plasma rotations induced by RFs on the EAST tokamak, the local RF forces and their effects on the rotations in the core plasma region are analyzed in this paper based on recent progress in the theoretical perspective on the forces. In section 2.1 the general momentum balance equations are summarized and the simplified formulations used in this work for the flow drive are presented. The effective components of the local RF forces are given after a short review of their mechanism in section 2.2. In section 3 the toroidal and poloidal flows driven by forces during the LHCD and the MC ICRH are evaluated with the EAST-like parameters. The mathematical expressions for local RF forces are listed in the Appendix.
Formulations

General formulation for RF-force induced flows
The general momentum equation for the species s with the RF injection is
where the external forces F s,ext may include the local RF forces, the RF-induced increment of the friction between the different species, the equivalent force due to the RF-induced ion orbit loss [23] etc. In this work we consider the subsonic flows in the core region in the steady state, and then the local RF forces summed over species are served as the only external forces. Under the assumption of the steady state, the radial particle flux in the core region can be neglected and the RF heating is balanced with the energy transport. This assumption will be used to get the effective components of the local RF forces driving rotations in the next subsection.
The flux surface average of the toroidal angular momentum equation is (2) where · denotes the conventional flux surface average operator. The collisional friction is retained at the RHS of Eq. (2) since the RF forces on the resonant particles could transfer to the bulk ions through collision in the steady state, which will be explained in detail in the next subsection. The viscosity term at the LHS of Eq. (2) is almost anomalous since the neoclassical viscosity equals zero to the first order in ρ/L ⊥ when the 3D effect is neglected in the core region. For simplicity, the anomalous viscosity can be represented by the combination of a diffusion term and a pinch term as [17, 20, 24] Re φ · ∇ · Π s,an
where V ≡ dV /dr, V is the volume enclosed in the flux surface labeled by r; D φ and U Pφ are the anomalous radial diffusivity and pinch velocity of the toroidal momentum respectively. Similarly, the flux surface average of the parallel momentum balanced equation is
The parallel viscosity at the LHS of Eq. (4) includes the NPV B · ∇ · Π s,neo and the anomalous viscosity, which is similar to that in the toroidal direction as
where D and U are the anomalous radial diffusivity and pinch velocity of the parallel momentum respectively. Since the NPV depends on both the particle flow and the heat flow, Eq. (4) is coupled with the heat flux balance equation. We refer the readers to Ref. [20] for a more detailed analysis about the NPV. For the lack of a rigorous calculation about the anomalous momentum transport it makes little sense to use the detailed neoclassical calculation here. In the following a simplified formulation in the largeaspect-ratio and circular-flux-surface limit is adopted to evaluate the flows driven by the local RF forces. The summation of the toroidal angular momentum equation over all species can be written as a toroidal momentum equation as [20] ,
where Γ ≈ n i m i u i,φ is the approximation of the toroidal momentum and the electron viscous term is neglected due to the small electron mass. The total parallel momentum equation becomes
Substituting Eq. (6) into Eq. (7), we obtain the poloidal momentum equation as
For simplicity only the component related to the poloidal velocity is retained in the NPV on the LHS of Eq. (8), i.e.,
where µ 11 is the NPV coefficients of the bulk ion [25] . It is noted that in the limit D D φ and U P = 0, the poloidal momentum equation Eq. (8) becomes [20] 
which combined with Eq. (9) means that the poloidal velocity is determined by the balance of the parallel force and the viscosity. Thus Eq. (10) is denoted as the poloidal momentum equation by the Para-Para method. In the limit D || = D φ and U P = U Pφ , the poloidal flow velocity is determined by the balance of the reduced perpendicular force and the parallel viscosity as [18] ,
where b θ ≡ B θ /B . Thus Eq. (11) is denoted as the poloidal momentum equation by the Perp-Para method.
It is emphasized again that there is naturally a difference between the dynamics in the parallel direction and the toroidal direction due to the poloidal inhomogeneity. However, on the turbulence transport of momentum, this difference is still unclear in theoretical considerations as well as in experimental observations. In the next section we consider both the Perp-Para and ParaPara methods in the evaluation for the poloidal flow in this work and expect the actual estimation should be in the range between these two cases.
Effective local RF forces in a steady state
The mechanisms of the local RF forces are summarized here for the convenience of discussion and their mathematical expressions are listed in the Appendix. The local space around a point on a flux surface can be mapped into a Cartesian space where x, z refer to the radial and parallel coordinates, respectively, and y refers to the binormal coordinate perpendicular to both of them. When the system is symmetric along the y and z direction, an RF wave induces local forces on a magnetized plasma by five mechanisms [11] , i.e.,
The first term at the RHS F k is the wave momentum deposition (k/ω) P rf related to the power deposition P rf due to the resonant wave-particle interaction.
The other terms at the RHS of Eq. (12) depend on the inhomogeneity of the wave-particle interaction, which is unavoidable when the power deposition takes place. The parallel momentum transport with resonant particle flux due to the perpendicular momentum deposition induces a force (F ∇ ) || , which is parallel to the external magnetic field [26] . The inhomogeneous resonant perpendicular heating causes a radial drift and an increasing diamagnetic drift, all of which were lumped into an equivalent force (F ∇ ) ⊥res,y along the binormal direction [11, 15] . (F ∇ ) || and (F ∇ ) ⊥res,y were classified as some resonant components of the generalization of ponderomotive forces [27] and named as RPFs [26] . The perpendicular heating could also induce an increasing nonuniform perpendicular pressure gradient, which was considered as a radial force component (F ∇ ) ⊥res,x . The gradient of wave fields could cause a conventional nonresonant ponderomotive force F nr , which is thought of as "photon reflection" against "photon absorption" for F k [28] . It is customary (but not conclusive) to neglect the inhomogeneity in the flux-surface since the flux-surface averaging would annihilate or, at least, drastically reduce its effect. Then the local RF forces presented here can be employed to model the plasma rotation drive by RF in the region without any serious 3D effect. Thus the driving forces on a flux surface (FS) are,
which could survive after the flux-surface average, and are totally resonant. These resonant forces affect firstly the particles resonant with RF waves through Landau damping, transittime magnetic pumping or cyclotron resonance. The parallel forces, F k and (F ∇ ) || , can transfer to the bulk ions through collisions if the momentum transport of the resonant particles could be neglected. However, the transfer of the perpendicular forces is more subtle, which is described below.
The binormal component of F k,FS , named as F k⊥ , induces the drift of resonant particles in the radial direction and then generates a radial electric field. For the quasi-neutrality in a tokamak plasma this radial electric field is shielded by the ion mainly through the neoclassical polarization in a time scale shorter than the ion-ion collision time [29] . The radial polarization flux would produce the conventional Lorentz force J × B to drive the bulk ions to flow on the flux surface. However, this radial current J is equivalent to a net flux of bulk particles, which would relax to zero in a particle confinement time. Thus in the steady state the density profile and the temperature profile are stable and F k⊥ transfers to the bulk ion also through collisions. The other binormal force (F ∇ ) ⊥res,y is related to the perpendicular pressure evolving due to the perpendicular heating and then could be neglected in the steady state when the energy transport evolves to balance the heating.
In conclusion the effective local RF forces in the steady state (SS) are composed of the momentum absorption terms and the resonant parallel momentum transport term as
The amount of these forces acting on the bulk ions depends on the ratio of the induced collisional friction to the momentum transport on the resonant particles. The time scale for momentum transport is close to the confinement time scale of particle and/or energy. For simplicity we could assume that all of these forces act on the bulk ions, since the fast-electron-ion collision time (< 1 ms) is much less than the fast-electron confinement time (∼100 ms [30] ) in the following LHCD case and the ion-ion collision time (< 1 ms) is much less than the energy confinement time (∼150 ms [31] ) in the following MC ICRH case.
Estimation of plasma flows for EAST-like cases
In this section the flows driven by the local RF forces are evaluated for the cases with the LHCD and with MC ICRH respectively. The poloidal viscosity is obtained from the NCLASS code [32] .
LHCD on EAST plasma
The parameters for the LHCD case are chosen to be the same as those for the EAST discharge 011037 at a time of 4.30 s in Ref. [30] , which are also close to those for the research of toroidal rotation in Ref. [7] . The toroidal magnetic field at the axis is B t = 2.0 T and the total plasma current is I p = 250 kA. The main ion is deuterium and the analytic profiles for the density and temperature are respectively,
where n e (0) = 1.
, T e (0) = 1.5 keV, T D (0) = 0.5 keV, T e (a) = T D (a) = 0.05 keV, ρ is the normalized square root of toroidal flux and a is the small radius at the edge. The frequency is 2.45 GHz and the three largest lobes in the wave number spectrum (in Fig. 1 in Ref. [30] ) are considered. The raytracing code GENRAY [33] is used to generate the power and wave-number variations along the trace for every ray.
The power deposition and RF forces are presented in Fig. 1. (F ∇ ) || can be neglected which is also consistent with the previous 1D estimation [11] . The toroidal flows according to Eq. (6) are given in Fig. 2(a) . The driven flow is unambiguously a counter-current but much smaller than that in the C-Mod case in Ref. [22] . Compared to that calculation for the C-Mod case, the toroidal RF force for this case is approximately 10 times smaller due to a much larger plasma volume, while the density here is also 10 times smaller than that in the C-mod case. Their effects on the toroidal flow cancel each other. The momentum diffusion coefficient D φ is assumed to be the same as the ion thermal conductivity χ i about 1 m 2 /s. The case for a nonzero inward momentum pinch velocity [7] as U P = −3χ i /R ≈ 1.6 m/s is also given in Fig. 2(a) . In Ref. [22] , D φ = 0.2 m 2 /s and U P = 8 m/s for the C-mod case. Thus the difference in the transport coefficients could explain that the velocity in Fig. 2(a) is much smaller than that for the C-Mod case. It should be noted that the momentum pinch here is a phenomenological transport coefficient on the momentum equations summed over all species and is irrelevant to the RF-induced particle pinch discussed in section 2.2 (e.g., trapped electron pinch during LHCD [34] ). The RF-induced pinch could stimulate a radial electric field and a compensation current by bulk particles. However, the equivalent force due to these effects is a part of the F k due to the momentum conservation [21] , which is similar to the process due to the binormal component F k⊥ discussed in section 2.2.
The poloidal flows according to Eq. (10) and Eq. (11) are given in Fig. 2(b) . Neither method gives a noticeable poloidal flow (i.e., larger than 0.1 km/s). This is consistent with the C-mod case. Another work reported an observable poloidal flow velocity 2 km/s for the Cmod case [21] . The overrated velocity might be due to the fact that factor b 2 θ was missed in Eq. (11).
MC ICRH scenario on EAST-like plasma
The parameters for this case are similar with the mode conversion heating scenario in Ref. [35] . The D (
3 He-H) plasma is considered in a simple analytic up-down symmetric equilibrium with I p = 750 kA and B T = 3.4 T. The density and temperature profiles are respectively,
where s is the species index, n e (0) = 1.0 × 10 20 m −3 , n e (a) = 1.0 × 10 19 m −3 , T e,D,He3,H (0) = 2 keV, T e,D,He3,H (a) = 0.2 keV and the density ratio is n D : n He : n H : n e = 0.8 : 0.08 : 0.04 : 1. The frequency of the injected wave is f = 32 MHz. The wave form and the power deposition on 3 He through MC waves for a single toroidal mode number n φ = 12 are given in Fig. 3 which is obtained from the linear calculation of the full wave code TORIC [36] . Since the EAST geometry in this case is up-down symmetric and the injected toroidal mode number spectrum for the heating scenario is also assumed to be symmetric, the force due to the momentum absorption F k is neglected. The effective force equals to (F ∇ ) || as [11] ,
which acts on the 3 He ions before collisions. Since |k θ | |k φ | for the mode-converted IBW or ICW, the wave-number ratio becomes k×b/k ≈ B φ /B θ , and the sign of the force is independent of the injection spectrum. The frequency ratio at the ion-ion resonance position is approximately,
where R c and R ii are the major radii for the 3 He cyclotron resonance position and the ion-ion (D-3 He) resonance position respectively. Fig. 4 gives the approximate curve of F φ ≈ (F ∇ ) || and (F ∇ ) ⊥res,y . (F ∇ ) ⊥res,y has the same order of that of (F ∇ ) || in this case, but it is irrelevant to the driven flows in the steady state as mentioned in section 2.2. Since (F ∇ ) || is a shear force without any net global momentum deposition, the driven toroidal flow is sensitive to the profile of the toroidal momentum diffusive coefficient. In Ref. [37] a profile proportional to q 2 is adopted by appealing to the almost linear plasma-current dependence of tokamak energy confinement time. A similar profile is adopted here while the momentum confinement time is fixed to 150 ms in Hmode [31] . The pinch velocity is neglected here since there is no published data about it. Fig. 5(a) gives the toroidal flow results, which are hardly observed. In comparison to the estimation for the driven toroidal flow in the C-mod case [11] , the peak value of the power deposition P rf in Fig. 4(a) is smaller by one order due to a larger plasma volume while the density is comparable. Thus the peak value of the force and the induced toroidal flow velocity are much smaller than those for the C-mod case. Both of the assumptions yield possibly observable velocities. However, they should compete against other mechanisms to be observed. For example the change of the neoclassical poloidal flow may have the same order due to the variation of temperature profile after the turn on of the MC heating. In the Perp-Para limit, D || = D φ , the effective driving force and the resultant poloidal flow vanish according to Eq. (8). In Fig. 5(b) the poloidal velocity by (F ∇ ) ⊥res,y with the use of the conventional Perp-Para method [18] is also presented and its amplitude is negligible.
Discussion and summary
The numerical results in section 3 could be optimized further. The better power deposition would yield the larger flow since the local RF forces are proportional to the deposited power. However, the benefit of higher power for the toroidal flow driven by LHCD may be cancelled by high density in future experiments. Thus the significant toroidal rotation with LHCD observed in EAST would be dominated by other mechanisms [7] . For the MC ICRH scenario the driven flows would be larger with the better mode-conversion heating on ions. The up-down asymmetry in realistic experiments [38] would cause that the waves with opposite toroidal wave numbers deposit momentum at different positions along the radial direction and then contribute a nonzero shear force n φ F k . The calculation including the whole spectrum with a realistic equilibrium should be performed in understanding future experiments. The determination of the driven toroidal flow requires more convincing theories of toroidal momentum transport than the assumption here. The variation of the momentum diffusive coefficient along the radial direction affects the flow on axis significantly.
The driven poloidal flows given by the Para-Para method are larger than those by the Perp-Para method. The damping rate of the flow in a previous method is smaller by a factor b θ than the latter. The momentum deposition force satisfies The electron cyclotron (EC) heating and current drive will be performed in EAST and might induce some substantial changes of plasma rotations, such as those observed in other tokamaks [39, 40] . However, the local RF forces by EC waves are believed to be too small to contribute significantly to any observable flows, since both the momentum absorption and the RPFs are very small [11] . Thus the other mechanisms, such as the variation of the neoclassical toroidal viscosity [41] and the ITG-TEM transition [42] , would dominate the process.
There are other "global" forces induced by RF heating and current drive besides the local RF forces derived from a slab model. For example the continuously heated ions during ICRH might take the large radial excursion (even run out of the core regime), and then induce the compensation current by the bulk ions as well as the global Lorentz force J × B which might drive a significant toroidal flow [13] . Evaluating these "global" effects requires consistent calculations of the RF-induced viscosity which are beyond the scope of the present paper [43] .
In conclusion the local RF forces are applied to evaluate the flows in EAST for the first time. Although the calculated toroidal flows are small compared to the typical total flows in the literature, they may explain the possible difference between experimental results and predictions by other mechanisms. It could be useful to understand the difference of flows due to the different types of RF waves.
